Abstract The study focuses on the chemical compositions of the river waters in the middle and upper reaches of the Yarlung Tsangpo river system. Samples were collected in two periods along the river system to analyze the spatiotemporal variation characteristics and to determine the weathering processes and CO 2 consumption. The results show that the chemical facies of river waters are dominated by Ca-HCO 3 type and the TDS values cover a wide range of 98.2-619.8 mg/l with an average value of 268.6 mg/l, which is higher than that of the global river waters. There are three major reservoirs (carbonates, evaporites, and silicates) contributing to the major ions, and the predominances of the reservoirs of different rivers show spatial heterogeneity. The chemical weathering rates of silicates and carbonates are 3.43 and 4.49 t/km 2 /year, respectively. Overall, the middle and upper reaches of Yarlung Tsangpo are responsible for 0.3 and 0.16 % of global atmospheric CO 2 consumption by silicates (1.7 9 10 5 mol/ km 2 /year) and carbonates (1.27 9 10 5 mol/km 2 /year), respectively. In addition, the chemical weathering fluxes of the catchments consume atmospheric CO 2 of 0.5456 Tg C/year, accounting for 0.14 % of the total organic carbon flux to the oceans by rivers globally.
Introduction
Hydrochemistry is a function of natural factors, such as climate, geology, topography, and weathering of rocks and anthropogenic activities including industrial and agricultural activities, and domestic waste (Kumarasamy et al. 2013 ; Thomas et al. 2014) . In addition, studies on hydrochemistry of rivers provide vital information on the sources of major chemical signatures, the environmental change, and on weathering processes and associated CO 2 consumption in a catchment (Dalai et al. 2002; Li et al. 2011 ). Chemical weathering is a major sink for atmospheric CO 2 , thus knowing the chemical weathering rates is important for the determination of CO 2 consumption and its influence on global climate cooling and carbon cycle (Dalai et al. 2002; Galy and France-Lanord 2001; Wu et al. 2008b) . Recently, those rivers originating in the southern slopes of the Himalaya have gained great concern. A number of arguments have suggested that the uplift of the Himalaya and heavy monsoonal precipitation promote rapid physical erosion and chemical weathering and thereby enhance CO 2 consumption (Dalai et al. 2002; Hren et al. 2007; Wu et al. 2008a) .
The Yarlung Tsangpo River originates from the middle section of northern slope of the Himalaya Mountain, playing an important role in the regional water resources and eco-environment. However, there are only a few studies on the hydrochemistry of Yarlung Tsangpo, especially the middle and upper parts, due to the high elevation and oxygen-deficient atmospheres. Previous studies on the Yarlung Tsangpo have focused on water quality (Huang et al. 2011 ) and the data are mainly from the mainstream (Hren et al. 2007) . No information is available on weathering processes and the associated CO 2 consumption rates about the reaches and tributaries in the middle and upper parts of Yarlung Tsangpo River.
In this study, extensive analysis of the mainstream and its major tributaries has been carried out to characterize the weathering reactions and the sources of dissolved elements in order to determine the CO 2 consumption in the middle and upper reaches of the Yarlung Tsangpo river system. Rates of weathering and CO 2 uptake are quantified and the spatial variations in the river system are also investigated.
Study area
The Yarlung Tsangpo River is the largest river system on the Tibetan Plateau. It originates from Jiemayangdrung glacier at the middle section of northern slope of the Himalaya Mountain (Huang et al. 2011) . The upper reaches of the river, known as Maquan He, joined by Jiemayangdrung Qu, Kubizangbu and Mayum Tsangpo, run *161 km to Lizi village through nomadic pastures with an elevation above 4400 m a.s.l. The middle reaches bring together many tributaries, such as Niduo Qu, Changguo Qu, Dargye Tsangpo, Dogxung Tsangpo, Xiang Qu, Nyang Qu, and Lhasa River, et al. Then the discharge increased several times than that of upper reaches. Along the middle reaches, floodplain and terrace are developed, constituting a broad river valley plain. The drainage area is *153,000 km 2 and its annual water discharge is *309 9 10 8 m 3 above Yangcun hydrology station (Liu et al. 2007) . The study area is fed mainly by the Indian monsoon with its abundant moisture and high temperature. The catchment receives most of the rain between June and September, and has its maximum discharge during this period (Huang et al. 2011; Liu et al. 2007) . What is more, the evaporation is high and the average potential evaporation is 2000-2500 mm/year (Zhang et al. 2003) .
Geologically, Yarlung Tsangpo drains between the KailasRange-Nyainqêntanglha Shanmai and the HimalayaLaguigangri composed of different well-exposed strata, especially the Mesozoic strata. Siliceous rocks, harzburgite, dunite, and basalt are distributed along the Yarlung Tsangpo ophiolite zone (Zhu 2012) . Generally, the terranes of the catchment mostly belong to the Tethian Sedimentary Series, which are composed of Palaeozoic-Mesozoic carbonate and clastic sedimentary rocks (Galy and FranceLanord 1999) . Additionally, the bedrock in the study area consists mainly of schist/felsic volcanic and mafic volcanic rock, igneous granite/granitic gneiss, sedimentary and metamorphosed sedimentary units (Huang et al. 2011 ).
Sampling and analysis
River water samples were collected during two periods of time, May to June and October to November of year 2013, prior to and after the monsoon, respectively. The sampling was carried out along the entire stretch of the middle and upper reaches of the Yarlung Tsangpo River system from Maizhokunggar County (*100 km northeast of Lhasa) to Zhongba County (source of Yarlung Tsangpo) ( Fig. 1 ; Table 1 ). The altitudes of the sampling locations range from *3600 to *4800 m a.s.l. The two sampling locations, covering the mainstream and major tributaries, have been identified and located by GPS. In total, 72 samples were collected at a depth of 10 cm. Samples were stored in pre-cleaned polyethylene bottles free of air and filtered through 0.45 lm Millipore filter. The pH, water temperature, and conductivity were measured in the field using Horiba U53 (HORIBA. Ltd., Kyoto, Japan). HCO 3 -of the first sampling samples was measured by titration using H 2 SO 4 on the spot while that of the second was determined by charge balance from the other ions. 
Results and discussion

Major element chemistry
The fundamental statistics of the sampling data collected during two periods on river water chemistry are summarized in Tables 1 and 2 and Fig. 2 . The pH values of all samples were in the range of 7.74-9.07 showing a fairly high buffering capacity. It was slightly alkaline in nature with average values of 8.41 and 8.43 in the respective periods. The pH values were relatively homogeneous spatially and temporally. The total dissolved solids (TDS) values vary greatly from 98.2 mg/l (S2) to 619.8 mg/l (S5). Comparatively speaking, the TDS was higher during October-November measurements than the former measurements, which is possibly attributed to the monsoon heavy rainfall. The average TDS value among the whole catchment is 269 mg/l, which is more than two times higher than the global average value of 100 mg/l (Berner and Berner 2012) . In addition, the TDS of Nyang Qu (i.e., Nianchu He) was the highest among the tributaries (342 mg/l and 388 mg/l during two periods' measurements (r = 0.99). It varies from 1253 to 8288 leq and 1848 to 8976 leq of two periods, respectively. And the averages are 3253 and 3829 leq which are higher than the world weighted average of 1125 leq (Meybeck 2003) .
In general, the solutes of river water are from a complex interaction of atmosphere, hydrosphere, and lithosphere (Kumarasamy et al. 2013 and references therein). Natural Ca 2? and Mg 2? mainly originate from igneous and metamorphic rock minerals containing calcium and magnesium, especially chain silicates and plagioclase feldspars as well as carbonate sediments and gypsum (Thomas et al. 2014 Fig. 3a) , sample clusters are close to the Ca apex, indicating dominance of carbonate weathering contribution to major ion concentration.
The boxplot of the selected parameters of all samples of the two periods indicates that HCO 3 -and SO 4 2-are pronounced anions (Fig. 2) . During the two sampling measurements, HCO 3 -varies from 44.76 to 155.39 mg/l and 58.57 to 189.69 mg/l and SO 4 2-varies from 13.96 to 360.99 mg/l and 18.87 to 356.3 mg/l. From the ternary plots ( Fig. 3b) , it can be noted that almost all the samples focus near the HCO 3 apex and fall along the mixing line between HCO 3 and (Cl ? SO 4 ), suggesting carbonate and evoporite weathering in these catchments. The concentration of NO 3 -is low, except Nyang Qu, specifically, sampling site S10. The Nyang Qu drains Shigatse city, meaning manor of fertile soil and the second biggest city of the Tibet Autonomous Region and Gyangzê County which is well-known as the ''Tibetan granary.'' The use of agricultural fertilizers may be responsible for the higher NO 3 -concentration in Nyang Qu. 
Sources of solutes
Mechanisms controlling surface water chemistry include atmospheric input, rock weathering, evaporation-crystallization processes, and anthropogenic activity (Moon et al. 2007) . Stoichiometry can provide some qualitative information for determining sources of several ions (Gao et al. 2009 ). The equivalent molar ratios of Na/Cl and (Na ? K)/ Cl are marginally higher than one, indicating the excess of Na and K could source from atmospheric input and/or anthropogenic activity except chloride evaporite such as halite (Fig. 4a) . The positive correlation between SO 4 with Mg ( Fig. 4b) and Mg with Ca ( Fig. 4f) , and the low ratio of Mg/Ca (0.3, 0.14-0.5) indicate the weathering of dolomite through H 2 SO 4 . (Ca ? Mg) by and large balance (SO 4 ? HCO 3 ) (Fig. 4c) , and they account for 82 % of the (Fig. 4e) . This can be deciphered with regard to supply of these ions through weathering of calcium and magnesium carbonates by H 2 CO 3 and H 2 SO 4 (Fig. 4d) . Generally, the mass balance approaches are commonly used including forward/direct and inverse/indirect methods to quantify the sources. The direct method is a simple budget to apportion a chemical signature to each rock type by a series of steps (Gao et al. 2009; Meybeck 1987; Roy et al. 1999) . To estimate the relative contribution of the different sources of the solutes, here, we apply the direct method suggested by Galy and France-Lanord (1999) with suitable assumptions. The budget equation for any element X in rivers can be written as follows:
where the subscript 'river' indicates river water contribution, 'cyclic' represents atmospheric input, 'eva' represents contribution of evaporite dissolution, 'car' and 'sil' are inputs from carbonate and silicate weathering, respectively and 'anth' represents input of anthropogenic activity.
Atmospheric input
Generally, the chemistry of rain water is primarily derived from sea salt aerosols and dissolution of continental dust (Galy and France-Lanord 1999) . Since the catchment of middle and upper reaches of the Yarlung Tsangpo is relatively far from marine influence, rainwater data derived from literature are used (Table 3 ) (Zhang et al. 2003) . To address the additions of solute cations and Cl -from atmospheric input, the method of multiplying the measured molar concentration of each cation by the corresponding ion/Cl -ratio measured in rainwater is adopted. The correction for rainwater input is performed under the assumption that rainwater has the Cl -content of the drainage with the lowest Cl -concentration in the catchment (Hren et al. 2007 ). The lowest Cl -concentration at site S5 (Cl -= 5.0 and 9.2 lmol/l during two periods, respectively) is taken as being supplied entirely by atmospheric input. The estimated results show that corrections for sodium, potassium, calcium, magnesium, sulfate, and chloride are close to 2.1 (0.3-13.4) %, 11.8 (1.9-39.4) %, 7.5 (1.6-16.1) %, 1.5 (0.3-2.0) %, 0.5 (0.04-1.3) % and 10.8 (0.3-29.0) %, respectively. 
Contribution from anthropogenic activity
Anthropogenic activity can modify the chemistry of river water (Galy and France-Lanord 1999) . The middle reaches of the main river and the tributaries-Nyang Qu and Lhasa River are the integrated development areas for agriculture. And in recent years, industries and tourism are being rapidly developed (Huang et al. 2011) . Anthropogenic activities have played an important role in the river chemistry. However, accurately quantifying the contribution of anthropogenic activity is somewhat difficult using only the major elements. Here, we assumed that the anthropogenic input is negligible in the reaches upstream because of sparse population and so we took SO 4 2-, Cl -, and NO 3 -concentrations in these reaches as riverine geochemical backgrounds (Wu et al. 2008b ). The results show that for all rivers, this contribution remains minor (e.g., NO 3 -/ TZ -= *1.6 %). Thus, the anthropogenic input correction is ignored in this study.
Evaporite contribution
Evaporite contribution is mainly the result of dissolution of halite (NaCl) and gypsum/anhydrite (CaSO 4 ). After the correction of atmospheric input, Cl -mainly came from halite and SO 4 2-from gypsum/anhydrite and/or pyrite oxidation. It is vital to discriminate the contribution of gypsum/anhydrite releasing SO 4 2-from that via pyrite oxidation. However, it is difficult to figure out through the available major ions. Considering the fact that in a few samples, SO 4 2-concentrations (on molar basis) exceed that of Ca 2? indicating the contribution of SO 4 2-to rivers via oxidation of pyrites, and the excess equivalent charge of (Ca ? Mg) over HCO 3 also depicts this point (see ''Sources of solutes''). Thus, we assumed that SO 4 2-derived from gypsum/anhydrite and pyrite oxidation in the ratio of 1:1. Then the chloride and sulfate can be calculated as follows (Noh et al. 2009 ):
Na eva ¼ Cl eva ð3Þ
We estimated the contribution to riverine cations from halite dissolution (Na eva /TZ ? = 7.3 %, 0-29.7 %) and sulfate dissolution (Ca eva /TZ ? = 16.1 %, 5.4-45.4 %). If all SO 4 2-come from gypsum/anhydrite, then an upper limit of approximation for evaporite contribution will be 39.39 %. High sulfate dissolution is calculated, especially the samples S5 (90.7 and 82.6 % during two periods), S16 (74.9 and 65.1 % during two periods), S6 (58.7 and 57.6 % during two periods), and S29 (55.5 and 54.6 % during two periods). Halite contributions are slightly lower except sample S20 (28.7 and 29.7 % during two periods). In another extreme case, the evaporite contribution will be only 7.3 %.
Silicate weathering
Silicate weathering mainly contributes Na ? and K ? from sodium-feldspar and potassium-feldspar weathering, and Ca 2? and Mg 2? from calcium-magnesium silicate weathering. After the correction of atmospheric input and evaporite, remaining Na ? in the river water is mainly derived from silicate weathering and K ? after atmospheric input is from silicate. The calculation formula is as follows (Noh et al. 2009 ):
Na sil ¼ Na river À Na cyclic À Na eva ð6Þ
Calcium and Mg 2? derived from silicate weathering can be written as follows (Moon et al. 2007; Noh et al. 2009 ):
where (Ca/Na) sil and (Mg/Na) sil are the molar ratios released to river waters from silicate weathering in the catchment. Ideally, Ca 2? and Mg 2? derived from silicate should be estimated using data from monolithologic drainages within the study area, but this is rarely attainable in regional scale field studies (Moon et al. 2007; Noh et al. 2009 ). Therefore, we referred to previous studies of local silicate weathering to determine the ratios. In the following discussion, we assign 0.55 and 0.3 to Ca/Na, Mg/Na (Hren et al. 2007 ). As a summary, according to the direct model, rain was 5.3 (1.4-11.5) %, evaporite 23.3 (9.0-51.7) %, silicate 26.7 (1.9-67.7) %, and carbonate 44.6 (13.4-73.6) % of total cations on equivalent in the whole catchment. However, attention should be given to local heterogeneity, and there exist pronounced differences among the tributaries (Fig. 5) . For example, cations originating from carbonates account for 70.3 % in Niduo Qu basin, while those in Xiang Qu make up just 19.5 %, suggesting the difference of geological setting.
The weathering rate in the catchment
The silicate weathering rate (SWR) and carbonate weathering rate (CWR) can be calculated using data on silicate and carbonate components of cations, coupling with information of drainage area and discharge in their basins. The SWR and CWR are calculated as the sum of cations from silicate weathering and carbonate weathering as follows (Wu et al. 2008b) :
The calculated results are shown in Table 4 . The SWR in the middle and upper reaches of Yarlung Tsangpo catchment is 3.43 t/km 2 /year (1.32 mm/kyr), which is a little lower than the CWR, 4.49 t/km 2 /year (1.66 mm/kyr). Assuming all sulfates to be of evaporite origin, the values of CWR would be underestimated. It can be seen that the SWR and CWR are much higher than the others most likely resulting from higher precipitation and runoff.
The CO 2 consumption rate
The fluxes of CO 2 consumed during silicate and carbonate weathering have been calculated from the corresponding cations, discharges, and drainage area (Amiotte Suchet et al. 1995 , 2003 Wu et al. 2008a) :
The study of (Qin et al. 2006) showed that the chemical weathering flux based on data sampled during peak flow months is in best agreement with annual time-series estimates and the worst during lean flow. Our data of major ions of water samples collected in June and November, which are comparatively water-rich periods, give the close approximation to the annul average weathering flux. The estimated results are shown in Table 4 . The estimation of CO 2 consumption by silicate weathering may be overestimated, since sulfates could be from pyrite oxidation generating sulfuric acid which can dissolve silicates without consuming CO 2 (Noh et al. 2009 ). The middle and upper reaches of Yarlung Tsangpo are responsible for 0.3 and 0.16 % of global atmospheric CO 2 consumption by silicate and carbonate, respectively , and the corresponding rates of CO 2 consumption are 1.7 9 10 5 and 1.27 9 10 5 mol/km 2 /year.
Comparison
The 
during the two measurements. The analysis of ionic concentration indicates that the higher TDS values of these rivers result from relatively higher sulfate than other tributaries. These observations suggest the evaporite weathering and pyrite oxidation make large contributions to the TDS. Compared with other world rivers, the TDS of study rivers are relatively higher, averaging 269 mg/l, which is 2 times higher than that of the Brahmaputra (110 mg/l) (Singh et al. 2005 ) and *1.5 times of the Indus Rivers (164 mg/l) (Karim and Veizer 2000) and the Ganges (130 mg/l) (Galy and France-Lanord 1999) . While it is very similar to that of the Upper Huang He (274 mg/l) (Wu et al. 2005) , it is lower than that of the rivers originating in the Qinghai-Tibet Plateau Wu et al. 2008a) . The water chemistry and TDS are strongly influenced by the lithology, hydroclimate, geography, and human activities, etc. (Li et al. 2011 and references therein). The comparatively higher TDS is probably attributed to high weathering rates, intense evaporation, and the dissolution of evaporites. The weathering rates of the Lhasa River are somewhat higher than the main stream of Yarlung Tsangpo river. Nevertheless, the weathering rates of the Lhasa River, Nyang Qu, and the main stream of Yarlung Tsangpo are comparatively lower than the Brahmaputra (Table 4) . This can be interpreted by the fact that the Brahmaputra has the deepest gorge which has a very steep slope causing turbulent and rapid water flow. Besides, the intensive precipitation also leads to intense weathering (Wu et al. 2008b and references therein).
The atmospheric CO 2 consumption by silicates for the upper and middle reaches of the Yarlung Tsangpo is close 
Environ Earth Sci (2015 Sci ( ) 74:2369 Sci ( -2379 Sci ( 2377 to the Brahmaputra reported by Gaillardet et al. (1999) , while it is 2-3 times than that of Yangtze, Mackenzie, and the Indus Millot et al. 2003) . The study area is about 0.15 9 10 6 km 2 , accounting for 0.1 % of the global land surface area. However, the chemical weathering fluxes of the catchment consume atmospheric CO 2 of 0.5456 Tg C/year, accounting for 0.14 % of the total organic carbon flux to the oceans by rivers globally (Cole et al. 2007; Ludwig et al. 1996) .
Conclusions
The middle and upper reaches of Yarlung Tsangpo and its tributaries have been extensively sampled during the two periods. The analysis of the major elements in the rivers provides the following conclusions: 3. Silicates contribute *27 % (on molar basis) to the total cations on average in the whole catchments, the rest coming from carbonates, evaporites, and rain in decreasing order. Silicate weathering rate in the study area is 3.43 t/km 2 /year and that of carbonate is 4.49 t/km 2 /year. 4. CO 2 consumption rates by silicate and carbonate weathering are 1.7 9 10 5 mol/km 2 /year and 1.27 9 10 5 mol/km 2 /yr, which are responsible for 0.3 and 0.16 % of global atmospheric CO 2 consumption by silicate and carbonate respectively, reflecting a significant contribution considering the small area.
